Two members of a family of spore germination-specific cDNAs, ce/A and celB, are expressed coordinately, exclusively during spore germination. In the present study the regulatory sequence elements responsible for ce/A germination-specific expression have been Identified. The very AT-rlch 81 bp sequence between -664 and -584 upstream of the translation initiation site was required for proper temporal transcription of the ce/A gene. This sequence Is comprised of two cis elements, each of which was active by itself in allowing ce/A expression. Electrophoretic mobility shift assays showed that a factors) in an extract prepared from germinating spores bound to the ce/A regulatory region. One of the three complexes formed was specific for the germinating spore extract The results are consistent with the notion that the factors) that binds to this regulatory region is involved in expression of ce/A.
INTRODUCTION
Dictyostelium discoideum is a simple eukaryote which is suitable for the study of developmentally controlled gene expression. There are distinct stages of growth and differentiation. Thus changes in gene expression can be studied in specific developmental stages. Vegetatively growing amoebae, upon starvation, undergo differentiation to form a fruiting body that contains a stalk and spores. Under favorable conditions the spores germinate to give rise to amoebae (1) .
Stage-specific gene expression in many organisms is effected through differential transcription. Various sequence-specific DNA binding proteins interact with defined sequences in the 5' upstream region of the genes to bring about transcription (2, 3) . In D.discoideum genes that are induced by cAMP, for example cp2, which encodes a cysteine protease, and the gene that encodes UDP glucose pyrophosphorylase, contain GC-rich, cAMP-responsive sequence elements in their promoters (4, 5) . A nuclear factor that binds to this sequence has been identified and cloned (6) (7) (8) . In higher eukaryotes cell growth and differentiation is controlled by several nuclear factors that function as transcriptional regulators. One of them, c-Myb, induces several cellular genes during hematopoiesis (9) by binding to specific sequences (10) in the upstream regions of these genes. The myb gene of D.discoideum has recently been cloned and a bacterially produced Myb protein was shown to bind to the canonical Myb binding site TAACT/GG (11) . Because Myb-related genes are highly conserved and control cellular differentiation in a wide variety of eukaryotic species, it is possible that Myb may play a role in D.discoideum development.
Spore germination, like other stages of development, is accompanied by changes in developmentally regulated gene expression (12, 13) . A number of spore germination-specific cDNAs have been isolated and characterized (14) . A family of four genes, defined by the presence of the tetrapeptide repeat Thr-Glu-ThrePro, have been isolated (15) . Two of the transcribed members of the family, ce/A (formerly 270-6) and celB (formerly 270-11) are expressed predominantly during a 2-3 h period in spore germination. The levels of the respective mRNAs are low in dormant spores, peak at about 2 h during germination and rapidly decline at the time amoebae are released from spores. The mRNAs are not found in growing cells or during multicellular development (16, 17) . The eel A gene has been shown to encode a cellulase [(endo-1 ^(J-D-glucanase, EC 3.2. 1.4] that is secreted during spore germination, possibly to digest the cellulose spore wall to allow amoebae to emerge (18, 19) . CelB protein does not exhibit any cellulase activity, although it binds to cellulose in vitro (Ramalingam and Ennis, unpublished 
observations).
Expression of eel A and celB mRNAs exclusively during spore germination suggests that expression of these genes might be tightly regulated at the transcriptional level. To understand how the celA gene is developmentally regulated, its promoter was analyzed for ctr-acting elements that might be involved in its expression. In this communication we report the identification of two such AT-rich regulatory sequence elements. Each sequence can function independently and either one of them is required for celA expression. We have shown that a factors) binds to these sequences and that the binding appears to be developmentally regulated. 
MATERIALS AND METHODS

General methods
Methods for growing D.discoideum, preparation of spores, germination of spores and isolation of RNA have been described earlier (20) . Stable transformants of D.discoideum were made using 10 u.g plasmid DNA following the standard calcium phosphate protocol (21) . Transformants were selected and maintained in HL5 medium containing 10 ilg/ml G418 (Sigma). Northern blot analysis of mRNA from transformed amoebae and germinating spores was performed using 10 fig total RNA (22) . Random primer-labeled (Promega, Prime-a-gene) Accl fragments of Dd 10 and pLK326 cDNA were used as probes. Northern blots were stripped of probes by incubating the membrane in 90% formamide, 2.5 raM EDTA, 25 mM sodium phosphate buffer, pH 7.2, at 65 °C for several hours.
Primer extension analysis
The transcription start site of the celA gene was identified by primer extension analysis following a published protocol (23) . Briefly, a 23 nucleotide (nt) single-stranded oligonucleotide corresponding to a 5' untranslated sequence of celA was end-labeled with y-32 P and hybridized to 20 ug RNA isolated from 1.5 h germinating spores. The labeled oligonucleotide was extended using Moloney murine leukemia virus reverse transcriptase and unprotected RNA was digested with RNase A. The reaction product was purified by phenolxhloroform extraction and ethanol precipitation. The same oligonucleotide was used in a sequencing reaction using [a- 32 P]dATP and the -750 celA construct as template. The products of the primer extension analysis and the sequencing reaction were electrophoresed in an 8% polyacrylamide-urea gel and an autoradiogram was prepared from the dried gel.
Plasmids
In order to construct the -970 vector, the 970 bp celA upstream region (the protein translation start site is denoted +1) was prepared from a eel A genomic clone described earlier (15) by amplifying by PCR and inserted into the D.discoideum integration vector pB 10TP1 (24) at the unique Kpnl and Nsil sites. This construct was linearized with Kpnl and Bell and treated with exonuclease III using the Erase-a-Base kit (Promega). Constructs with the correct size inserts were selected by restriction enzyme analysis and the end-points of deletion were determined by sequencing. Constructs -750, -691, -664 and -619 were derived by exonuclease III digestion of construct -970. Constructs -584, -644 and -638 were made by the PCR method in the same way as -970. Constructs -664-0, AAT and AMRE AAT were constructed by inserting -664Z-584, -664/-620 and -664/-620 M2 (Table 1 ) double-stranded oligonucleotides respectively, containing Kpnl sites at both ends, into the -584 construct at the Kpnl site. Construct AMRE was made in a similar way by inserting an oligonucleotide similar to -664/-584, except that the TAACTG sequence was absent in the oligonucleotide. Constructs -664-CAT and AMRE AAT-CAT were made by inserting -664/-584 and AMRE AAT oligonucleotides into the blunt-ended BamHl site of the vector Actl5ABam-CAT (5). Double-stranded oligonucleotides were digested with Kpnl, gel-purified and ligated at 100-fold molar excess concentration to the Kpnl-digested -584 vector. After transformation into Escherichia coli, positive colonies were identified by screening the filters with the 32 P-labeled -664/-584 sense strand oligonucleotide as described (23) . Clones with a single copy of the insert in the right orientation were identified by sequencing.
Electrophoretic mobility shift assays (EMSA)
EMS A using D.discoideum extracts was performed following the protocol described below. To prepare extracts of dormant spores, germinating spores, amoebae and cells undergoing development, the respective samples were washed in 10 mM phosphate buffer, pH 6.7, and resuspended in low salt binding buffer (20 mM HEPES, pH 7.9,25% glycerol, 1.5mMMgCl 2 ,100mMKCl,0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT). The cells were broken by first vortexing five times for 30 s with sterile glass beads (0.5 mm diameter) and then sonicating twice for 15 s each time (25) . All manipulations were done at 4°C. After sedimentation at 10 000 g for 10 min, the supernatant was collected, distributed into small samples and frozen in liquid N 2 . Binding and competition assays were carried out as described (26) . Complementary single-stranded oligonucleotides were annealed and the resulting double-stranded oligonucleotides were end-labeled with [a- The reactions were incubated at 30°C for 15 min. Complexes were resolved on a 5% native polyacrylamide gel using the Tris-glycine buffer system (26) and autoradiograms were obtained from the dried gel.
Chloramphenicol acetyltransferase (CAT) assay
Dictyostelium discoideum strain AX4 was transformed individually with the CAT constructs or vector alone (control). Extracts of 1.5 h germinating spores of these transformants were made as described above. Typical assays contained 20 ^.g extract (heattreated at 60°C for 10 min to inactivate endogenous activity), 5 uJ [
14 C]chloramphenicol (53 mCi/mmol), 5 ^1 n-butyryl CoA (5 mg/ml) and 0.25 M Tris, pH 7.9, in a 125 n.1 reaction volume. The reactions were incubated at 37 °C for 1 h. Radioactive chloramphenicol was extracted with ethyl acetate and spotted onto a TLC that was developed with chloroform and methyl alcohol (95:5). CAT activity was quantified using a phosphorimager (Molecular Dynamics, Sunnyville, CA).
RESULTS
An 81 bp 5' upstream sequence contains the celA transcriptional regulatory sequence
A genomic clone containing the 1.3 kb 5' flanking region of eel A has been described earlier (15) . Since all of the previously studied D.discoideum promoters contain their cw-acting sequences within <1 kb of upstream sequence, it was reasoned that all the information required for the temporal regulation of eel A might be located within this 1.3 kb sequence.
As a first step to analyze the celA promoter for elements involved in regulation of its expression, the transcription start site was determined. Primer extension analysis using a synthetic oligonucleotide complementary to the 5' untranslated sequence and total RNA isolated from 1.5 h germinating spores showed that a single cytosine, 371 nt upstream of the translation start codon, served as the transcription start site (Fig. 1 ).
To identify 5' upstream regulatory sequences, a functional analysis was carried out using a reporter system in which various lengths of the eel A upstream region that included the transcription and translational start sites were cloned into the D.discoideum integrating vector pBlOTPl (24) . The cloned eel A upstream region drives expression of the plasmid-borne Dd 10 reporter gene as a fusion between eel A and the DdlO coding sequence. Amoebae transformed with the reporter constructs individually were allowed to sporulate and spores were collected and induced to germinate. Expression of the reporter gene in 1.5 h germinating spores was assayed by Northern blots using the DdlO probe. Construct -750, containing celA residues from -750 to +60, showed a high level of expression of the reporter gene in 1.5 h germinating spores, but not in growing amoebae (Fig. 2) . Similar results were observed with constructs containing celA 5' sequences longer than 750 bp (data not shown). Thus it seemed likely that the 750 nt upstream sequence contained all the regulatory elements required for the correct temporal regulation of celA. We have analyzed expression of the reporter gene in some of the constructs in dormant spores and during all stages of spore germination and growth and found that expression was identical to expression of the endogenous eel A gene.
To localize the cis elements within this region, 5' linear deletions were made. Constructs -691 and -664 showed promoter activity in 1.5 h germinating spores approximately equal to that of the -750 construct (Fig. 2) . However, when the deletion extended up to -584, germination-specific promoter activity was reduced dramatically. The plasmid copy number was approximately the same in all transformants (data not shown). Constructs -584 and -750 showed a low level of expression in vegetative amoebae (Fig. 2Q , which was 35-fold less than the level found during 1.5 h spore germination in -750, suggesting that this is a i Figure 1 . Identification of the transcription start site of the cel\ gene. Primer extension analysis was carried out using a •'^P-labeled synthetic oligonucleotide primer corresponding to the 3' untranslated sequence of the celA gene and RNA isolated from 1.5 h germinating spores. The same primer was used in a sequencing reaction using a celh promoter construct as template. The sequencing reaction and primer extension product were resolved on an 8% urea-polyacrylamide gel.
basal level of expression. It is noteworthy that the low level of expression of the reporter gene observed in transgenic amoebae could possibly be the result of a high copy number of the vector, because the celA gene is not expressed in wild-type amoebae and during multicellular development (16, 17) . Since construct -664, but not -584, showed strong promoter activity in germinating spores, it was concluded that the regulatory sequence required for eel A gene expression was contained within the 81 bp sequence located between these residues.
Two AT-rich regulatory elements in the eel A upstream region can function independently
The 81 bp eel A upstream activating sequence (UAS) is 95% AT-rich, with only three C and one G residues (Fig. 2) . A close inspection of this sequence revealed the presence of the Myb response element (MRE) TAACTG (underlined in Fig. 2 ), which we have shown can bind bacterially produced mouse Myb protein (data not shown). Besides the MRE, no other known factor binding sites were found within the celA UAS. To understand whether the MRE had a regulatory role, constructs -644 and -638, containing intact and truncated versions of the MRE respectively, were generated by PCR. In construct -638 the MRE AAC sequence, which has been shown to be crucial for binding to Myb protein (11), was deleted. Both constructs expressed the DdlO reporter gene in 1.5 h germinating spores (Fig. 3) . When compared with construct -644, construct -638 showed a 3-fold increase in reporter gene expression. In order to confirm this observation, oligonucleotides corresponding to -664 to -584 were synthesized with and without the MRE and were inserted at the unique Kpn\ site in the inactive promoter construct -584, giving constructs -664-0 and AMRE respectively. As shown in Figure 3 , both oligonucleotides were able to restore expression of the reporter gene and the level of expression by AMRE was 3-fold higher than -664-0. The increase in the level of expression in AMRE was not due to a difference in the number of copies of the plasmid among the transformants (data not shown).
To more accurately define the sequences essential for regulated expression of the celA gene, further deletions were made within the 81 bp sequence. One of these, deletion construct -619, showed normal promoter activity (Fig. 3) . The level of expression by construct -619 was comparable with the -664-0 construct, suggesting that the 36 bp sequence spanning residues -619 and -584 was sufficient for regulated expression of celA. Requirement of this 36 bp exclusively AT-containing sequence for regulation of celA expression was further confirmed by using constructs containing oligonucleotides lacking the 36 bp AT sequence alone (AAT) or lacking both the AT sequences and the Figure 3 , deletion of the AT sequences (AAT) alone did not alter promoter activity, whereas deletion of both the MRE and AT sequences (AMRE AAT) resulted in a decrease in promoter activity to the basal level. These results indicate that the two sequences located between -664 and -620 (-664/-620) and -619 and -584 (-619/-584) were UAS that could function independently and at least one of them was required for spore germination-specific expression of the celA gene. The MRE was required for the -664/-620 sequence to be functional.
MRE (AMRE AAT). As shown in
The eel A UAS activates expression of a heterologous promoter during spore germination
To determine if -664/-620 is indeed a UAS, the sequence was tested in a heterologous promoter using the Actl5ABam-CAT vector (5). This vector contains the 5' flanking region of the actin 15 promoter, including the start site of transcription and translation, but lacks the critical G residues essential for activated gene expression. The Acf 15 gene is expressed strongly during growth and the early stages of development and expression decreases during later stages. This vector still possesses a residual level of expression during growth, but is completely inactive during spore germination (our unpublished data; see also Fig. 4 , vector lane). Consequently, this vector is most useful for studying activity of promoters during spore germination, but is not suitable for studying the activity of these sequences in growing cells.
A unique BamHl site present 100 bp upstream of the translational start site allows insertion of putative regulatory elements. The reporter gene CAT was fused in-frame with the Act\5 coding sequence and the ability of the cloned regulatory sequences to drive the Ac/15 promoter was assayed by measuring CAT activity in the extracts. The eel A U AS oligonucleotides were cloned into the BamHl site of the vector. CAT activity in extracts derived from 1.5 h germinating spores of these transformants was measured. The vector alone control did not show any CAT activity (Fig. 4) , indicating that the Act 15 promoter sequences in the vector are not functional during spore germination. The construct containing the -664Z-584 sequence (-664-CAT) showed strong CAT activity during spore germination. In contrast, the deletion construct AMRE AAT-CAT showed a very weak activity that was 124-fold less than that of the -664-CAT construct. These results confirmed that the -664/-584 sequence was indeed a physiologically relevant UAS.
Identification of the factor(s) that binds to the celA. UAS
EMSAs were performed to identify factors that interacted with the regulatory sequence described in the previous section, which was shown to restore transcription to the inactive Act\5 promoter. The sequence of this probe (denoted -677/-584) is presented in Table 1 . An extract from various developmental stages was incubated with the labeled probe in the presence of the non-specific competitor poly[d(I-C)]. Extracts from all stages tested showed binding activity, although the patterns were different (Fig. 5) . Formation of the complexes was inhibited by an excess of unlabeled probe, indicating that the binding was specific. An extract of 1.5 h germinating spores, a developmental stage where celA message was expressed maximally, showed three complexes. Extracts from all other stages of development also formed complexes, though the number and relative intensities of the complexes were different. Complex C2 was formed with extracts from all the developmental stages, although very little activity was present in dormant spores. Complex C3 was apparently unique to spore germination. C1 was present at high concentration in spore germination, but a small amount of it was also seen in growing cells (lane veg). Two complexes of low mobility were observed using extracts of dormant spores (lane 0 h) and at 1.5 h germination (lane 1.5 h). These were apparently non-specific, since they were still present in samples incubated with a specific competitor.
To determine the binding sites for the factors present in complexes Cl, C2 and C3, a competition assay was carried out using a 1.5 h spore germination extract and the -677A-584 probe. Because it was shown in vivo that either the -664/-620 or -619/-584 sequence was sufficient for eel A expression (Fig. 3) , the respective oligonucleotides were used as competitors in an EMS A. Oligonucleotide -664/-620, but not -619/-584, competed for binding (Fig. 6A) , indicating that the complexes were formed on the -664/-620 UAS. In addition, competition assays were carried out using oligonucleotide -704/-676, an AT-rich upstream sequence of the celA promoter, or poly[d(A-T)]. Neither of these DNAs competed for binding, demonstrating that binding was specific to the probe and not to just any AT-rich sequence. Although in this experiment we could not detect any factor binding to the exclusively AT cis element -619/-584, this sequence did form a complex when used as a probe in an EMSA using 1.5 h germinating spore extract (data not shown), suggesting that this cis element could also be a target for a distinct transactivating factorfs).
The MRE sequence is required for factor binding to the -664/-620 cis element
Because the MRE sequence in the -664/-584 UAS was shown to be essential for this cis element to function in vivo (Fig. 3 , construct AMRE AAT), an EMSA was performed to test whether the MRE was a target for transactivating factors. In a competition assay using the -664/-620 probe and 1.5 h germinating spore extract, oligonucleotides containing mutations (-664/-620 Ml) or deletion of the MRE (-664/-620 M2) were used as competitors (see Table 1 for sequences). As expected, the -664/-620 probe formed three complexes similar to that observed using the -677/-584 probe (Fig. 6B ) and all three complexes were competed out by excess unlabeled -664/-620 oligonucleotide. However, the mutant oligonucleotides -664/-620 Ml and -664/-620 M2 did not compete well. The mutant oligonucleotide -664/-620 Ml competed out complexes Cl and C2, while the -664/-620 M2 oligonucleotide competed out only Cl. In this competition assay the C3 complex appeared to migrate slightly faster than that observed without competitor (Fig. 6B ).
DISCUSSION
Dictyostelium discoideum is an exceptionally good organism in which to study transcriptional regulation. The synthesis of many proteins is stage-specific and they are transcriptionally controlled (12, 27) . We have studied the transcriptional regulation of a D.discoideum cellulase gene, celA, which is specific for spore germination. Its transcript is not found in other stages of the life cycle (16, 17) .
All information for the temporal regulation of eel A transcription was located in an 81 bp sequence in the 5' upstream region (Fig. 2) . This sequence was 95% AT-rich and was devoid of GC-rich sequences that characterize cis elements in other D.discoideum promoters. It is noteworthy that a canonical Myb binding site, TAACTG, was embedded in this region. The Myb proteins regulate hematopoietic cell differentiation in vertebrates by binding to DNA and either activating (28) (29) (30) or repressing gene expression (31) . The myb gene is present in D.discoideum and is expressed (11) . The MRE sequence seems to play a dual role in celA transcriptional regulation (Fig. 3) . In the absence of the -619/-584 AT-rich sequence, the MRE sequence was essential for proper temporal transcription of celA. When the MRE was deleted transcription was stimulated -3-fold. The -619/-584 AT sequence functioned independently, because a transformant (-619) containing this sequence alone was normal for eel A transcription (Fig. 3) . Therefore, it seems that when both regions are intact the MRE down-regulates celA expression. It is thus clear that the celA promoter region is complex, displaying two positive regulatory elements (-664/-620 and-619/-584) and the MRE may also act negatively. In our assays we did not find any synergistic increase in the level of expression when both positive elements were present. The 81 bp eel A UAS when fused upstream of an inactive Act\5 promoter was able to activate expression of the reporter gene to a high level (Fig. 4) . Although the role of Dictyostelium Myb protein in eel A gene expression has not been documented, we have shown that the myb sequence (MRE) is critical for independent activation of eel A expression by the -664/-620 sequence (Fig. 3 , AMRE AAT construct) and oligonucleotides with deletions or mutations in the myb sequence do not compete fully for factor binding to the wild-type sequence (Fig 6B) , indicating that the intact myb sequence is required for protein binding to the probe.
EMSAs were performed to identify factors that interact with the regulatory sequences delineated by in vivo functional assays. The patterns of gel shifts varied with the stage of development from which the cell extracts were prepared (Fig. 5) . The different complexes formed suggested that C3 was unique to spore germination. We speculate that the factor that gave rise to complex C3 could be present only during spore germination and not in any other developmental stages, or it could also be present in other developmental stages but modified in such a way that it could not bind to eel A regulatory sequences. The intensity of the C2 complex increased markedly during spore germination. Since the most obvious difference in patterns of complex formation between dormant spores and germinating spores (Fig. 5 , lanes 0 h and 1.5 h) is the increase in the amount of C2 complex in 1.5 h germinating spores, it is reasonable to propose that synthesis or modification of the factor that gave rise to the C2 complex could be one of the critical events for eel A gene expression during spore germination. Competition assays with oligonucleotides covering various portions of the 81 bp probe revealed a complicated pattern. In vivo experiments showed that the sequences -664 to -620 (which contained the MRE) and -619 to -584 were each sufficient for celA expression. Oligonucleotide -664/-620, but not -619/-584, competed for binding (Fig. 6) , indicating that the complexes were specific to the sequences between -664 and -620. Oligonucleotide -664/-620, when used as a probe in EMSA, was able to form three complexes with the 1.5 h germinating spore extract. In the presence of excess unlabeled -664/-620 Ml oligonucleotide only C3 complex was formed with the -664/-620 probe. Similarly, when the -664/-620 M2 oligonucleotide was used as a competitor DNA, only C2 and C3 complexes were formed. These results indicated that the MRE was required for complex formation. Unlike the -664/-620 M1 oligonucleotide, the inability of the -664/-620 M2 oligonucleotide to compete out the C2 complex could be due to deletion of the MRE, which disrupts the spacing and reduces the length of this oligonucleotide. Because of the correspondence of the sequence requirement for in vivo function and in vitro factor binding, it seems reasonable that the factors) that binds to the -664/-620 UAS is involved in expression of celA. Although mouse Myb protein binds to the eel A MRE, it is not clear whether Dictyostelium Myb protein binds to this sequence and thereby plays a role in celA gene expression. It is possible that the MRE is part of a larger target sequence in the -664/-620 cis element and may provide the necessary spacing for the adjacent bases. It is noteworthy that celB, which is expressed coordinately with celA, contains two MREs upstream of the transcription start site (Ramalingam and Ennis, unpublished) .
Unlike GC-rich c«-acting elements found in many D.discoideum gene promoters (4,5,32,33) , the two regulatory elements described above are almost exclusively composed of AT residues. Of particular interest are the four T tracts of 9-11 bp in length present in the -664/-584 sequence. Dictyostelium discoideum DNA is very AT-rich, containing >80% AT residues and long A and T tracts at high frequencies in the flanking regions (34) . This raised the question of how specificity for the factors) binding to celA regulatory sequences is accomplished. Precedence for the presence of AT-rich sequences in upstream control elements in D.discoideum and other organisms exists. High level expression of the pre-spore gene pspB has been shown to require a 46 bp AT-rich sequence in addition to CA-rich elements (35) . A consensus sequence TTTGTAR(n = 11 or 12)ATTTAATT was found in promoters ofpspB, cotB, cotC and D19 (35, 36) . Several genetic loci in yeast require poly[d(AT)] upstream sequences for constitutive expression (37) . Constitutive expression of the human lymphotoxin gene requires an upstream sequence composed almost entirely of a homopolymeric tract of AT sequence (38) . High mobility group I protein, a non-histone chromosomal protein, activates several genes by binding to the poly[d(AT)] upstream sequences (38, 39) .
